Coordinated navigation within tissues is essential for cells of the innate immune system to reach the sites of inflammatory processes, but the signals involved are incompletely understood. Here we demonstrate that NG2 + pericytes controlled the pattern and efficacy of the interstitial migration of leukocytes in vivo. In response to inflammatory mediators, pericytes upregulated expression of the adhesion molecule ICAM-1 and released the chemoattractant MIF. Arteriolar and capillary pericytes attracted and interacted with myeloid leukocytes after extravasating from postcapillary venules, 'instructing' them with pattern-recognition and motility programs. Inhibition of MIF neutralized the migratory cues provided to myeloid leukocytes by NG2 + pericytes. Hence, our results identify a previously unknown role for NG2 + pericytes as an active component of innate immune responses, which supports the immunosurveillance and effector function of extravasated neutrophils and macrophages.
Sterile inflammation is an essential tissue response to cell damage in the absence of pathogenic organisms, as seen in ischemia and reperfusion injury, trauma or systemic inflammatory response syndrome [1] [2] [3] [4] . These processes involve the release of molecules, including the alarmin HMGB1, ATP and mitochondrial N-formyl-methionyl peptides such as fMLP (N-formyl-methionyl-leucyl-phenylalanine). These damageassociated molecular patterns (DAMPs) are normally protected from recognition by cells of the immune system by virtue of their cytosolic or nuclear location 5 . The release of DAMPs elicits a proinflammatory response from blood vessels, characterized by the exposure of adhesion molecules and chemokines on the surface of endothelial cells, which triggers the recruitment of cells of the innate immune system to the site of tissue damage 6 . The intravascular processes, including the transmigration of leukocytes and the role of the endothelial layer in this cascade, have been largely identified [7] [8] [9] [10] . In contrast, the signals that subsequently guide the extravasated cells of the immune system to their final tissue destination remain incompletely understood.
The interstitial migration of leukocytes is considered to be a process guided mainly by local chemokine gradients. In addition to traffic control by soluble mediators, fibroblastic reticular cells constitute an anatomical scaffold that controls the trafficking of cells of the adaptive immune system in peripheral lymph nodes through direct physical interactions 11, 12 . Whether similar anatomical guidance structures also exist in nonlymphoid tissues, providing migratory cues and influencing the effector functions of cells of the immune system within the interstitial space, is largely unknown. Although the existence of perivascular tracks as 'preferential' routes for interstitial leukocyte trafficking has been proposed, their structural basis has never been confirmed in vivo 13 .
Pericytes are essential components of the microvascular vessel wall. Wrapped around endothelial cells, they occupy a strategic position at the interface between the circulating blood and the interstitial space 14, 15 . Pericytes have a role in the development and regulation of the blood-brain barrier and cerebral vascular permeability 16 . In addition, brain pericytes have been linked to the modulation of T cell responses during neuroinflammatory processes in vitro 17, 18 . Nevertheless, their role in innate immune responses in peripheral tissues, such as the skin, remains undefined. Various populations of pericytes can be discriminated in the microvascular bed: whereas pericytes located along postcapillary venules are NG2 -α-SMA + , a different subset of NG2 + α-SMA + pericytes is found along arterioles and capillaries but not postcapillary venules 19 . Postcapillary NG2 -pericytes have been shown to regulate the movement of neutrophil across the basement membrane in the cremaster muscle 20 . In contrast, a role for arteriolar and capillary NG2 + pericytes in innate immune responses has not been identified. In particular, whether arteriolar and capillary pericytes communicate with cells of the innate immune system during interstitial migration in peripheral tissues remains unclear.
A r t i c l e s
Here we identify arteriolar and capillary NG2 + pericytes as structures that support the efficient interstitial migration of cells of the innate immune system toward their targets. We found that NG2 + pericytes sensed DAMPs, which resulted in a proinflammatory pericyte phenotype characterized by exposure of adhesion molecules and secretion of chemoattractants, particularly MIF (macrophage migration-inhibitory factor). By intravital two-photon microscopy, we found that in response to sterile inflammation, NG2 + pericytes triggered the chemotactic migration of interstitial neutrophils and macrophages after extravasation from postcapillary venules, which led to adhesive and haptotactic pericyteleukocyte interactions mediated by the intercellular adhesion molecule ICAM-1 and MIF, respectively. These interactions with NG2 + pericytes were crucial for the efficient navigation of cells of the innate immune system and enhanced the ability of the latter cells to screen the interstitial space for damaged tissue and to execute their effector functions at foci of sterile inflammation. Our findings demonstrate that NG2 + pericytes form 'highways' for the rapid migration of extravasated cells of the innate immune system along capillaries and arterioles and identify an unexpected role for this cell subset during sterile inflammation.
RESULTS

Pericytes sense inflammation and interact with myeloid leukocytes
We sought to determine whether NG2 + pericytes were able to detect and respond to inflammatory signals and analyzed the expression of several receptors for DAMPs and pathogen-associated molecular patterns (PAMPs) by human placental pericytes. These pericytes expressed the typical pericyte markers NG2 and α-SMA but not the smooth-muscle-cell marker calponin (Supplementary Fig. 1a) . We found that under steady-state conditions, and particularly after stimulation with tumor-necrosis factor (TNF) or lipopolysaccharide (LPS), NG2 + pericytes expressed Toll-like receptor 2 (TLR2), TLR4, the N-formyl peptide receptor FPR2, the TNF receptor TNFR1 and the cytoplasmic receptor NLRP3, but not TLR9, FPR1 or FPR3 (Fig. 1a and data not shown).
In addition to expressing receptors for DAMPs and PAMPs, we found that NG2 + human placental pericytes expressed ICAM-1 and npg that its expression was upregulated in response to TNF and LPS and also after stimulation with DAMPs, including fMLP, ATP and lysates of necrotic cells (Fig. 1b) . Expression of ICAM-1 endowed pericytes with the ability to engage in physical interactions with cells of the innate immune system. Correspondingly, we found that monocytes and neutrophils directly attached to NG2 + placental pericytes in an ICAM-1-dependent manner. Neutrophil adhesion was greater than monocyte adhesion in this assay ( Fig. 1c and Supplementary  Fig. 1b) . The inhibition of either integrin α L β 2 (also called LFA-1 or CD58) or integrin α M β 2 (also called Mac-1 or CD11b) resulted in significantly less adhesion of myeloid leukocytes to pericytes (P < 0.05; Supplementary Fig. 1c ), which indicated that both of these leukocyte β 2 integrins were involved in this process. Hence, pericytes were able to sense inflammation and in turn upregulate their expression of ICAM-1, which mediated adhesive interactions with cells of the innate immune system.
Extravasated myeloid leukocytes interact with NG2 + pericytes
To address whether arteriolar and capillary NG2 + pericytes also interacted with extravasated cells of the innate immune system in inflamed skin in vivo, we used intravital two-photon microscopy of NG2-DsRed mice (which have transgenic expression of the red fluorescent protein DsRed under the control of the promoter-enhancer of the gene encoding mouse NG2) 21, 22 . Skin NG2 + pericytes showed the typical anatomical location near the endothelium ( Supplementary Fig. 1d and Supplementary Video 1). Although arteriolar and capillary pericytes were NG2 + α-SMA + , NG2 -α-SMA + pericytes were restricted to venules (Supplementary Fig. 1e,f) . In agreement with that, NG2 + cells were not present along postcapillary venules positive for the cell-adhesion molecule P-selectin. In contrast, vessels carrying NG2 + cells were negative for P-selectin, indicative of capillaries and arterioles ( Supplementary Fig. 1g ). Consistent with our in vitro findings obtained with human placental pericytes, mouse skin NG2 + pericytes constitutively expressed ICAM-1 on their surface (Fig. 1d) , whereas NG2 -α-SMA + have been reported to express ICAM-1 only after stimulation with TNF 20 . To define whether macrophages interacted with NG2 + pericytes during interstitial migration, we generated chimeras of NG2-DsRed mice given bone marrow from CX3CR1-GFP mice (in which the gene encoding the chemokine receptor CX3CR1 is replaced by a reporter gene encoding green fluorescent protein (GFP)). Under baseline conditions, motile interstitial CX3CR1 + cells were almost completely absent (data not shown). However, induction of diffuse sterile inflammation in the entire skin of the ear by subcutaneous injection of TNF resulted in abundant extravasation and subsequent undirected migration of macrophages within the interstitium. We observed 
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A r t i c l e s that migrating macrophages in the interstitium engaged in intimate, dynamic interactions with arteriolar and capillary NG2 + pericytes in vivo ( Fig. 1e and Supplementary Video 2) . We also noted such interactions for neutrophils in chimeras of NG2-DsRed mice given bone marrow from LysM-eGFP mice (in which the gene encoding enhanced GFP (eGFP) is knocked into the locus encoding lysozyme M (LysM)). We found no interstitial neutrophils under steady-state conditions (data not shown); to elicit an inflammatory response, we subcutaneously injected fMLP into NG2-DsRed-LysM-eGFP chimeras. Like CX3CR1 + macrophages, extravascular LysM + neutrophils also engaged in dynamic interactions with NG2 + pericytes during migration through the interstitial tissue ( Fig. 1f and Supplementary Video 3). Notably, extravasation of innate leukocytes occurred only in postcapillary venules covered by NG2 -pericytes, not in capillaries or arterioles covered by NG2 + pericytes. This was consistent for various inflammatory triggers ( Supplementary Fig. 1h ), which indicated that neutrophils and macrophages interacted with NG2 + pericytes only after successful extravasation. We monitored the continuous paths of individual leukocytes that exited postcapillary venules and then moved on to the arteriolar and capillary NG2 + pericyte scaffold to determine the timing of this process. After exiting postcapillary venules, leukocytes required 6.3 ± 1.0 min on average to reach the NG2 + pericyte scaffold covering capillaries and arterioles (Fig. 1g) .
We next characterized the nature of those leukocyte-pericyte interactions in more detail in the setting of diffuse cutaneous inflammation induced by subcutaneous injection of fMLP or TNF. Contacts between extravasated LysM + neutrophils or CX3CR1 + macrophages and NG2 + cells were frequent events and resulted in transient deceleration ( Fig. 2a-d and Supplementary Videos 4 and 5). We discriminated the following two distinct temporal patterns of interactions: frequent short dynamic interactions of up to 2 min, and less-frequent, long-lasting interactions of over 5 min (Fig. 2e) . We next defined the contribution of ICAM-1 to dynamic pericyteleukocyte interactions in vivo through the use of blocking monoclonal antibody (mAb) to ICAM-1 after fMLP-or TNF-driven accumulation of myeloid cells in the tissue had reached a steady-state plateau. This subcutaneous injection of an ICAM-1-blocking mAb did not affect the extravasation of leukocytes from postcapillary venules ( Fig. 2f) but did significantly diminish the ability of NG2 + pericytes to interact with CX3CR1 + macrophages and LysM + neutrophils ( Fig. 2g-i) . Blocking ICAM-1 resulted in a lower frequency and duration of pericyte-myeloid cell interactions, whereas the velocity during interaction was greater ( Fig. 2g-i) . To rule out the possibility of secondary effects of the Fc portion of the ICAM-1-blocking mAb, we injected mAb to the receptor PDGFR-β subcutaneously and found this had no effect on the interaction between innate leukocytes and NG2 + cells relative to the effect of isotype-matched control mAb (data not shown). Together these results demonstrated that cells of the innate immune system engaged in intimate ICAM-1-dependent contacts with arteriolar and capillary pericytes during interstitial migration. This process was npg distinct from the interactions of leukocytes with NG2 -pericytes, which occur during the transmigration of leukocytes from the intravascular compartment through the vessel walls of postcapillary venules 20 .
Inflamed NG2 + pericytes trigger leukocyte chemotaxis We observed that macrophages and neutrophils increased their velocity substantially as they approached NG2 + pericytes ( Fig. 2a-d) , which suggested that these interactions might not be a random event but instead might be actively initiated by arteriolar and capillary pericytes. Intravital two-photon microscopy showed that immediately before and during interactions, neutrophils and macrophages were considerably polarized and extended pseudopodia toward pericytes (Fig. 3a) , which indicated that pericytes might induce this characteristic change in leukocyte morphology typical for chemotaxis 23 .
In vitro, conditioned medium from resting human placental pericytes induced moderate chemotaxis of cells of the innate immune system (Fig. 3b,c) . Stimulation of these pericytes with LPS as a positive control 24 , as well as incubation with various inflammatory DAMPs recognized by pericytes (Fig. 1a) , resulted in a significantly greater ability of pericyte-conditioned medium to induce the chemotaxis of monocytes ( Fig. 3b) and neutrophils (Fig. 3c) . Hence, inflamed pericytes triggered the chemotaxis of myeloid leukocytes.
DAMPs induce release of chemokines from NG2 + pericytes
To determine the molecular determinants of the chemotactic response induced by inflamed pericytes, we initially analyzed the expression of chemoattractants by resting as well as DAMP-or PAMP-stimulated human placental pericytes. Pericytes constitutively expressed the chemoattractants CXCL1, CXCL8, MIF, CCL2 and interleukin 6 (IL-6; Supplementary Fig. 2a,b) . We also detected mRNA encoding the chemoattractants CXCL5 and CCL3, TNF and G-CSF (granulocyte colony-stimulating factor), albeit at a lower abundance than that of the chemoattractants mentioned above, whereas we did not detect CX3CL1 (data not shown). Moreover, pericytes had high constitutive expression of the transcription factor NF-κB and IL-1β that was activated by the NLRP3 inflammasome 25 ( Supplementary Fig. 2c ).
All chemoattractants with constitutive expression were significantly upregulated after stimulation of pericytes. The extent and pattern of chemoattractant expression by pericytes depended mainly on the type of inflammatory stimulus (Supplementary Fig. 2a,b) . Enzyme-linked 
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A r t i c l e s immunosorbent assays confirmed that the expression of chemokineencoding mRNA resulted in similar patterns of chemokine release (Supplementary Fig. 2d ). MIF and CXCL8 were greater in abundance as soon as 1 h after stimulation with lysates of necrotic cells or fMLP, which suggested that these chemokines can be released from internal stores.
Next we used immunofluorescence to further define the subcellular distribution of specific chemokines in resting and inflamed pericytes in vitro and in vivo. Several chemokines, particularly MIF, were present in great abundance in small cytosolic vesicles of resting human placental pericytes in vitro (Fig. 3d and data not shown) . In most pericytes, MIF was mobilized to the cell surface after stimulation with TNF (Fig. 3e) . In agreement with that, two receptors that bind and present MIF (CD74 and CXCR4) were expressed by pericytes ( Supplementary  Fig. 3a) . To define the intracellular versus extracellular distribution of MIF in NG2 + pericytes in vivo, we analyzed MIF expression on permeabilized and nonpermeabilized preparations of uninflamed or inflamed skin from NG2-DsRed mice. In line with our in vitro findings, MIF was present mainly in the cytosol of NG2 + cells under steady-state conditions. In response to stimulation with TNF, we detected MIF on the surface of NG2 + cells or concentrated around them ( Fig. 3f  and Supplementary Fig. 3b ). This indicated constitutive expression of MIF by NG2 + pericytes and release of MIF during inflammation. Whole-mount staining of the TNF-stimulated skin identified NG2 + pericytes as the main source of MIF in the perivascular compartment ( Fig. 3g and Supplementary Fig. 3c ). In addition to MIF, other chemokines, such as CCL2 and CXCL5, were expressed in NG2 + pericytes of inflamed TNF-treated skin (Supplementary Fig. 3d,e) .
Next we investigated whether surface-bound MIF together with ICAM-1 promoted the adhesion of neutrophils and monocytes. By time-lapse differential interference contrast microscopy, we assessed their spreading on ICAM-1 or collagen IV, each immobilized together with MIF. Spreading of myeloid leukocytes was substantially induced by MIF and ICAM-1, whereas this was a significantly less frequent event on surfaces coated with collagen IV and MIF (Fig. 3h,i) . These data supported the proposal that MIF, together with ICAM-1, which were expressed together by pericytes, generated a functional unit for integrin outside-in signaling in neutrophils and monocytes.
Pericyte-derived MIF attracts interstitial leukocytes
We next used in vitro chemotaxis assays to determine the functional relevance of individual pericyte-derived chemoattractants. In this setting, pericyte-driven migration of monocytes was mediated mainly by MIF and CCL2 (Fig. 4a) , whereas neutrophil migration involved MIF and CXCL8 (Fig. 4b) . Inhibiting MIF had a greater effect on monocytes than on neutrophils (Fig. 4a,b) .
To determine whether NG2 + pericytes also triggered the chemotaxis of myeloid leukocytes in inflamed skin in vivo, we visualized (with heat maps) the density of LysM + neutrophils and NG2 + cells over time in NG2-DsRed-LysM-eGFP chimeras after subcutaneous injection of fMLP ( Fig. 4c and Supplementary Video 6) . We observed that after initial recruitment via postcapillary venules, interstitial neutrophils indeed accumulated around the scaffold of NG2 + pericytes, as reflected by a steady increase in the overlap coefficient (Fig. 4d,e) . We determined whether this progressive orientation of neutrophils involved pericyte-derived chemokines and focused on MIF, because it attracts neutrophils as well as macrophages and is also able to mediate their arrest 26, 27 . In addition to being expressed on pericytes, MIF is expressed on the luminal aspect of endothelial cells, where it promotes leukocyte-endothelial cell interactions and supports the transmigration of leukocytes 28, 29 .
In agreement with that, Mif -/-mice develop severe impairment of leukocyte rolling and adhesion, which ablates the recruitment of leukocytes to tissues 29 and precludes the use of Mif -/-mice for analysis of the interstitial migration of leukocytes. Instead, after neutrophil accumulation in the inflamed tissue had reached a steady state, we subcutaneously injected ISO-1, a small-molecule inhibitor of MIF that has been shown to suppress inflammation in several animal models [30] [31] [32] . Unlike systemic administration of ISO-1, subcutaneous injection of ISO-1 did not affect the extravasation of myeloid leukocytes ( Supplementary Fig. 4a,b) and allowed us to determine the effects of MIF inhibition on the interstitial migration of leukocytes. The blockade of MIF by ISO-1 almost completely disrupted the progressive accumulation of LysM + neutrophils around NG2 + cells (Fig. 4f,g and Supplementary Video 6), and resulted in fewer neutrophil-pericyte interactions (Fig. 4h) , but injection of dimethyl sulfoxide (DMSO) as vehicle control did not. We used the same approach with NG2-DsRed-CX3CR1-GFP chimeras after injection of TNF, which confirmed the findings obtained for LysM + cells (Supplementary Fig. 4c-h and Supplementary Video 7). These results showed that during sterile inflammation, NG2 + pericytes generated a compartment with considerable enrichment for chemokines, particularly MIF. This resulted in the progressive orientation of interstitial myeloid leukocytes toward the scaffold of NG2 + pericytes and facilitated direct ICAM-1-dependent pericyte-leukocyte interactions.
Pericytes activate leukocytes and prolong their survival
To address the biological consequences of the chemotactic and adhesive cross-talk between cells of the innate immune system and NG2 + pericytes, we determined whether pericytes controlled the functional properties of neutrophils and monocytes. We assessed the effect of human placental pericytes on the activation and survival of each leukocyte subset in vitro. Analysis by flow cytometry showed that resting pericytes had only moderate effects on the activation of neutrophils, whereas the conditioned medium of TNF-stimulated pericytes resulted in a significantly greater abundance of activated neutrophils (P < 0.05; Supplementary Fig. 5a ). In addition, resting pericytes as well as stimulated pericytes significantly prolonged the survival of neutrophils (P < 0.05; Supplementary Fig. 5b ), which indicated that the pericytes secreted antiapoptotic mediators, such as MIF 33 . At the same time, pericytes resulted in significantly more activation of monocytes, as indicated by expression of the activation marker CD69, but did not influence the apoptosis of monocytes (P < 0.05; Supplementary Fig. 5c,d) . Hence, pericytes indeed actively controlled the activation status of myeloid leukocytes and prolonged neutrophil survival. Next we determined whether pericytes might 'imprint' cells of the innate immune system and enhance their ability to detect and migrate to their final destination. We found that surface-immobilized ICAM-1 and MIF, expressed together by inflamed pericytes, resulted in much higher expression of TLR4 and TLR9 in neutrophils than did collagen IV and MIF (Supplementary Fig. 5e ). Likewise, direct ICAM-1-dependent interaction with TNF-stimulated pericytes triggered the upregulation of TLR expression, as well as the expression of integrins and matrix metalloproteinases, on both neutrophils and monocytes (Supplementary Fig. 5f ). Moreover, MIF released by TNF-stimulated pericytes was sufficient to substantially increase the expression of TLRs, integrins and matrix metalloproteinases on cells of the innate immune system in the presence of a TNF-blocking mAb (Supplementary Fig. 5g) , which excluded the possibility of any contribution by residual TNF. Pericyte-driven upregulation of the expression of integrins and matrix metalloproteinases together with the higher expression of TLRs observed in vitro (Supplementary 
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A r t i c l e s Fig. 5f,g ) suggested a potential molecular basis for the higher motility indices of leukocytes 'instructed' by pericytes in vivo.
NG2 + pericytes facilitate interstitial leukocyte trafficking
To investigate whether interactions with pericytes modulate innate immune responses during sterile inflammation in vivo, we evaluated the effect of pericyte-leukocyte interactions on the pattern and efficacy of the interstitial migration of leukocytes. For this, we compared the motility parameters of LysM + cells, which engaged in contacts with NG2 + pericytes, with those of LysM + cells, which did not interact with NG2 + cells during fLMP-induced cutaneous inflammation. The patterns of interstitial migration of these two cell populations differed substantially (Fig. 5a) . Interacting cells migrated faster before and after interaction than did noninteracting cells (Fig. 5b) . In addition, interacting neutrophils followed straighter paths than did neutrophils that did not engage in interactions with pericytes (Fig. 5c) . Together with the greater velocity, this accounted for the significantly greater displacement rate of interacting neutrophils than of noninteracting neutrophils (Fig. 5d) . As expected in this model of diffuse inflammation, both populations demonstrated a random migration pattern in the mean-displacement plot, but interacting neutrophils had a significantly higher motility coefficient (Fig. 5e,f) . This indicated that they were able to screen larger tissue areas than were noninteracting neutrophils. Visualization of the distribution of interstitial neutrophil populations with fast and slow migration showed that cells with high interstitial migration velocities were 'preferentially' located in close proximity to NG2 + cells, whereas slow cells showed a very diffuse tissue distribution (Fig. 5g) . Collectively, these findings showed that the interaction of neutrophils with NG2 + pericytes considerably enhanced their immunosurveillance function during interstitial migration by supporting fast and directed navigation of these leukocytes through the tissue. Next we investigated whether interactions with NG2 + pericytes provided an advantage to neutrophils in terms of reaching a focus of sterile inflammation by assessing (with intravital two-photon microscopy) the directional migration of leukocytes to an induced laser injury in NG2-DsRed-LysM-eGFP chimeras (Fig. 6a and Supplementary  Video 8) . The velocity profiles of individual LysM + cells showed considerable acceleration of neutrophil velocity after interaction with pericytes ( Fig. 6b) , which supported the proposal that during communication with pericytes, neutrophils receive an activation signal. We found mainly short dynamic interactions in the setting of a focal damage (Fig. 6c) . Track plots of individual neutrophils showed that whereas noninteracting cells engaged in random walks within the tissue, cells interacting with NG2 + pericytes subsequently used straight and target-oriented paths to reach the focus of sterile inflammation (Fig. 6d-i) . LysM + cells migrated significantly faster after interaction than during the time before interaction and also migrated faster than cells that did not engage in interactions with NG2 + pericytes (Fig. 6e) . Interacting cells navigated more efficiently through the tissue than did noninteracting cells and arrived earlier at the site of tissue necrosis (Fig. 6j) . Thus, cells of the innate immune system interacting with NG2 + pericytes eventually reached the site of necrosis earlier, which confirmed the proposal that pericyte 'instructed' leukocytes with improved motility programs. We obtained similar results for macrophages ( Supplementary Fig. 6 and Supplementary Video 9) . Together these data suggested that interactions with NG2 + pericytes fostered fast and directional interstitial migration of cells of the innate immune system to foci of sterile inflammation, thereby enhancing their immunosurveillance and effector function in inflamed tissues.
NG2 + pericytes direct interstitial leukocyte trafficking via MIF
To address whether MIF signaling was essential for the pericytedependent control of interstitial leukocyte migration in vivo, we induced cutaneous inflammation with fMLP and subsequently inhibited MIF by subcutaneous injection of ISO-1, which did not affect leukocyte extravasation (Supplementary Fig. 4a,b) . Under these conditions, the frequency and duration of interactions was 
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A r t i c l e s much lower (Fig. 7a) . Inhibition of MIF by ISO-1 also abolished the difference between interacting and noninteracting LysM + cells in their interstitial motility pattern (Fig. 7b-g ). The distribution of fast and slow cells was almost identical in the presence of ISO-1, with fast cells showing a diffuse distribution throughout the interstitial space (Fig. 7h) . We obtained similar findings when we evaluated the migration of neutrophils to a focal injury (Supplementary Video 10): interacting and noninteracting cells adopted a similar pattern of interstitial migration (Fig. 8a-g ). As a result, when MIF signaling was abolished, interacting LysM + cells no longer had an advantage over cells without interaction in terms of reaching the focus of sterile inflammation (Fig. 8h) . We noted an identical effect of ISO-1 on CX3CR1 + macrophages ( Supplementary  Fig. 7 and Supplementary Video 11) . These results suggested that pericyte-derived MIF attracted cells of the innate immune system to the arteriolar and capillary pericyte scaffold, facilitated their physical interactions and generated a perivascular milieu that supported very efficient trafficking of neutrophils and macrophages to foci of sterile inflammation along the anatomical structures of capillaries and arterioles (Supplementary Fig. 8 ).
DISCUSSION
Capillaries and arterioles are decorated with a distinct subset of NG2 + pericytes, but whether these cells participate in inflammatory processes has remained entirely unknown. Here we have provided in vivo evidence that NG2 + pericytes actively participated in innate immune responses in the inflamed skin, enhancing the ability of extravasated neutrophils and macrophages to screen the interstitial space for damaged tissue and to execute their effector functions at foci of sterile inflammation. The interactions of pericytes with extravasated cells of the innate immune system, mediated by ICAM-1 and MIF, activated leukocytes and 'instructed' them with pattern-recognition as well as motility programs. In addition, MIF-dependent recruitment of cells of the innate immune system into the perivascular compartment facilitated fast directional migration of leukocytes along capillaries and arterioles. Particularly at later stages of the inflammatory response, neutrophil-derived factors released after interaction with pericytes could potentially further augment the efficacy of target finding by cells of the innate immune system 34 .
The innate immune system reacts not only to pathogens but also to host-derived factors released after cell damage, which are sensed by tissue-resident macrophages 1, 2, 35 . Our in vitro experiments have demonstrated that NG2 + pericytes were equipped with a set of pattern-recognition receptors and hence were able to sense inflammation. In response to DAMPs and PAMPs, NG2 + pericytes secreted chemoattractants, particularly MIF, which is a chemokinelike molecule. Via the receptors CXCR2 and CXCR4, MIF causes leukocyte activation and cell arrest and has chemotactic as well as antiapoptotic properties 26, 36 . Therefore, MIF is required for host defense, and it has been reported that MIF-deficient mice are more susceptible to bacterial infection but develop attenuated collageninduced arthritis 29 and atherosclerosis 26 . Here we found that NG2 + pericytes were able to secrete MIF and to present it on their surfaces, thereby attracting leukocytes and establishing a defined perivascular compartment with high concentrations of MIF, which supported neutrophil survival, triggered the activation of myeloid leukocytes and sensitized them to DAMPs and PAMPs.
Many hypotheses have been generated about how the interstitial migration of leukocytes is regulated, but the exact in vivo mechanisms have remained unclear 9 
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A r t i c l e s it has been proposed that leukocytes navigate in a multistep process through tissues, sequentially approaching different chemokine sources rather than following only one signal, such as DAMPs derived from necrotic cells 38 . From their initial adhesion to endothelial cells until their interstitial migration to the site of tissue damage, leukocytes are sequentially exposed to a cascade of distinct chemotactic stimuli. NG2 -pericytes engulfing postcapillary venules generate gaps that provide considerable haptotactic 'information' in the form of ICAM-1 and CXCL1 and regulate the movement of neutrophils across of the basement membrane 20 . We have now shown that after successful transmigration, MIF provided a subsequent chemotactic signal that supported the disembarkment of innate leukocytes from their venular exit points and triggered their movement to NG2 + regions along arterioles and capillaries. This shows that various chemotactic stimuli act on cells of the innate immune system and must override each other in a sequential manner to allow proper translocation to the site of tissue damage.
In vivo evidence about the signals that control the trafficking of cells of the immune system has been obtained mainly from studies of peripheral lymph nodes 39, 40 , where stromal cells regulate the migration and spatial distribution of lymphocytes 11 . Also, neural crest-derived pericytes have been shown to influence the positioning and reverse transmigration of immature T cells in the thymus 41 . In addition to following anatomical axes, cells of the immune system integrate soluble and immobilized chemokine signals. For example, lymph node dendritic cells migrate in a directionally biased haptokinetic way dependent on CCL21 and ICAM-1 (ref. 42) . In addition, the hypothesis of compartmentalization with confinement of free cell migration to circumscribed areas of saturated chemokine concentration without obvious anatomical barriers has been proposed 43 . Our data have provided direct evidence of the coexistence of structural and chemotactic signals, as NG2 + pericytes formed a structural and chemotactic microenvironment that supported the trafficking of cells of the innate immune system along capillaries and arterioles in the inflamed skin. This involved a sequence of events: in response to DAMPs and PAMPs, pericytes created a compartment characterized by a high concentration of pericyte-bound MIF, established confined tracks for fast and directed leukocyte migration, 'imprinted' leukocytes with the ability to efficiently approach foci of sterile inflammation by direct interaction, and enhanced the survival of cells of the innate immune system, which suggested that pericytes generate a niche-like environment. The last function is analogous to fibroblastic reticular cells in peripheral lymph nodes, which have been shown to regulate the migration of T cells and support T cell survival by providing haptotactic signals 11, 44 . Thus, NG2 + pericytes form routes for fast and directed leukocyte migration in inflamed tissue, which allows efficient screening for inflammatory processes and limits unnecessary and potentially detrimental tissue invasion.
In conclusion, our study has shown that capillary and arteriolar NG2 + pericytes actively participated in the innate immune response to sterile inflammation. At present, anti-inflammatory therapies focus almost exclusively on leukocyte-endothelium interactions. However, our study has suggested that it might be promising to target pericytes as well, as they act as sensors for inflammatory processes and have a substantial effect on the immunosurveillance and effector function of cells of the innate immune system.
METHODS
Methods and any associated references are available in the online version of the paper. coMPETInG FInAncIAL InTERESTS30 min afterward. Laser injury was done by focusing of the laser beam on a field of 40 µm × 40 µm until autofluorescence appeared, which created a single necrotic focus 48, 49 . In these experiments, ISO-1 (150 µg) was injected subcutaneously 30 min before the laser treatment. Imaging was done with an excitation wavelength of 900 nm in a frame of 500 µm × 500 µm with 512 × 512 pixels, a frame rate of two per minute and a z-step of 3 µm in a range of 30 µm (20-50 µm below the epidermis). Three-dimensional reconstruction, analysis of colocalization, calculation of overlap coefficient and tracking were done with Volocity (PerkinElmer) and track visualization was done with ImageJ. For LysM-eGFP mice, only LysM hi cells were analyzed. NG2 + cells in vessels with a diameter of up to 30 µm and a typical morphology were identified as pericytes. Heat maps were calculated as described for color-coding of cell density 50 .
Immunohistology and whole-mount staining. Cryosections were fixed in 4% formalin and incubated with Fc-block (eBioscience) or 1% BSA. Where indicated, cells were permeabilized with 1% Triton X-100 (Sigma), sections were incubated with primary antibodies and the corresponding secondary antibodies (Supplementary Table 1) , nuclei were stained with DAPI (4,6-diamidino-2-phenylindole; Roth). Images were acquired with a Leica DMRB microscope with a Zeiss AxioCam and processed with AxioVision 4.6 software. For whole-mount staining, specimens were fixed in 4% paraformaldehyde and incubated with Fc-block (eBioscience) and the primary antibody for 4 h followed by secondary antibodies (Supplementary Table 1) . Images were acquired with the TrimScope two-photon microscope and processed with Volocity.
Statistical methods. For tracking data, Student's t-test and the ANOVA-LSD post-hoc test were used. For chemotaxis or apoptosis assays and enzyme-linked immunosorbent assays, the unpaired Student's t-test or ANOVA Bonferroni post-hoc test was used. A P value of less than 0.05 was considered significant.
